Résumé. 2014 Nous présentons une analyse détaillée de la topographie de la face de cuivre Cu(1, 1, 5) Abstract. 2014 We present a detailed analysis of the topography of the Cu(1,1, 5) surface in the temperature range 70 K T 670 K. The line-shape analysis of the specular helium beam diffraction peak as a function of temperature is found to be in agreement with a model of roughening previously proposed by Villain et al. The roughening temperature is found to be TR = 380 K. From the anisotropy of peak profiles, the step repulsive energy is deduced and found to be Wn = 120 K per lattice spacing. The experimental procedure is carefully examined and its consequences are discussed. The connection between roughness at small and large scale is indicated.
Observation of surface roughening on Cu (1, 1, 5) F. Fabre Abstract. 2014 We present a detailed analysis of the topography of the Cu (1, 1, 5) surface in the temperature range 70 K T 670 K. The line-shape analysis of the specular helium beam diffraction peak as a function of temperature is found to be in agreement with a model of roughening previously proposed by Villain et al. The roughening temperature is found to be TR = 380 K. From the anisotropy of peak profiles, the step repulsive energy is deduced and found to be Wn = 120 K per lattice spacing. The experimental procedure is carefully examined and its consequences are discussed. The connection between roughness at small and large scale is indicated.
J. Physique 48 (1987) For similar reasons, theoretical work has focused on surface defects. In the beginning of the 50's the concept of a roughening transition of crystal faces has been first developed by Burton, Cabrera and Frank [1] . However it is only in 1980 that the roughening transition of the basal p(0001) plane of hcp He4 has been observed around 1.2 K [2] . For close-packed metal surfaces, it was generally believed that the roughening temperature is higher than the melting point. Looking at the thermal dependence of H.B.D. peak intensities for stepped (1, 1, n) faces of copper, Lapujoulade et al. [3] have proposed in 1983 that the anomalous behaviour observed was indeed due to thermal roughening. A model was then developed by Villain et al. [4] (hereafter referred to as V.G.L.). This model generalizes the well known « Solid-On-Solid » model [5] to the anisotropic case of a stepped surface. The model predicts the occurrence of a roughening transition at a finite temperature TR. It also indicates that above TR, the shape of the H.B.D. peaks is a power law with respect to the direction parallel or perpendicular to the steps. The power law behaviour has been first confirmed experimentally by Conrad et al. [6] , who did not measure the anisotropy.
The purpose of this paper is to present a detailed study of diffraction line shapes in both directions. This yields evidence for the roughening of Cu(1, 1, 5) more precisely than in previous publications [3, 4] . But the goal now is more extensive. It will be shown that one can extract important physical quantities which have never been measured before, i.e., the step-step repulsive energy and the kink formation energy. Moreover the limits of the model will appear and the way to generalize it will be introduced.
The outline is as follows : in section 2, we describe the experimental apparatus, crystal orientation and figure 3 . The in-plane scattered intensity l normalized to the incident one, is plotted versus the reflection angle 6 f. Figure 3a shows the diffraction spectrum for a sample temperature equal to 70 K. Several diffraction peaks were clearly identified (from (7, 0) to (2, 0) ). Figure 3b shows a diffraction scan for a sample temperature equal to 670 K, where the peaks (2, 0) and (0, 0) are broadened. In the same way, for these broad peaks, the decrease of intensity with temperature is more pronounced than for the narrow peaks, as shown in figure 3 . Clearly, at any incident angle we have observed that some peaks are broadened as the temperature is raised while others are not.
Moreover, for a given sample temperature the halfwidth of the specular peak displays some periodicity with the incident angle, as can be seen in figure 4. This behaviour is quite similar to that observed by Conrad et ad. on Ni(l, 1, 5) [6] .
Generally speaking, the increase of intensity in peak tails with sample temperature might be the consequence of inelastic scattering. However the oscillatory behaviour of the peak widths versus the incidence shows unambiguously that broadening effects reflect incoherent scattering due to disorder, as discussed below.
Consider the (1, 1, 5) face of f.c.c. lattice which consists of (1, 0, 0) terraces separated by monoatomic steps (see Fig. 2 where a, the interatomic distance, is the magnitude (5, 5, 2) azimuth.
In the second part of the experiment, the incident beam was in the (1,1, 0) azimuth. As expected for a one-dimensional corrugation only the specular beam could be observed in the incidence plane. The variation of the specular peak half-width as a function of 0; i qualitatively confirms the observations reported above. As no further information from the specular peak is obtained by changing the incidence plane, we have concentrated our efforts on measurements in the (5, 5, 2) azimuth.
The problem of defects due to the crystal misorientation also has to be underlined. If kinks on step edges were present in a regular pattern, as would be expected from a slight angular orientation error they would lead to extra diffraction spots in the out-ofplane direction. We do not observe such peaks, unlike in the case of Conrad et al. [6] . Moreover no fractionary index peaks (which would result from a misorientation in the (5, 5, 2) and Ak, is the momentum transfer perpendicular to the surface including the effect of the attractive well [9] . The WG (T ) factor has been extensively studied for Cu(1, 1, 5) and other Cu faces [9] . We report here measurements for in-phase and anti-phase conditions.
It is shown in the following section that, provided that the domain sizes are large enough, the structure factor yG (T ) is temperature independent for inphase conditions while it varies for anti-phase conditions. More precisely we show that for the latter case (0 = 51.9 ° ) 1'G(T) is constant for T 370 K . and decreases for higher T, showing the onset of disorder. So yG (T ) gives some insight about surface disorder [4] , however, it is a global coefficient and more precise information is found in the analysis of peak shapes [6] .
Moreover one can notice that the in-phase condition is favorable for measuring the Debye-Waller factor 2 WG (T ) on Using a Gaussian distribution for u. (y) -uo (0) one finds that to a good approximation f is given by :
where qx is defined in relation (1).
The structure factor can be calculated using the logarithmic form of (6 [12] , and a geometric distribution of steps, which gives a Lorentzian line-shape at anti-phase angle [13] . These two functions were convoluted with the instrumental response function. It is beyond doubt that the observed line-shape cannot be fitted neither by Gaussian, nor by Lorentzian forms. The agreement is much better, with an inverse power law function (see Eq. (10)). Figures 7 and 8 show the observed specular line-shape for in-plane scattering at an anti-phase angle with the beam incident in the (1,1, 0) azimuth for some sample temperatures between 70 K and 570 K.
The procedure for fitting line-shapes to the data is as follows. The incident angle and the azimuth being chosen, we measured the specular intensity, both in and out of the incidence plane. The resulting two scans are then fitted simultaneously in a least square procedure to the theoretical shape. This shape is the spatial convolution of the function defined by equation (10) figure 9 .
The line-shape analysis was carried out only for the specular peak because the calculation is simpler In order to take into account the influence of inelastic scattering and overlap with the tails of neighbouring peaks, we have subtracted from measured intensities a uniform background over the angular distribution for every temperature. Indeed for grazing incidence the inelastic component is broader than for near normal incidence where more appropriate forms would be necessary [14] . The level of the background is deduced from the ratio of the inelastic contribution to the specular peak in the in-phase position.
At first, having chosen the incidence direction which leads to maximum sensitivity to defects (Oi = 51 °9 ), we determine, for sample temperatures varying from 70 K to 670 K, Bl and B2 by the fitting procedure, both with the incident beam in the (5, 5, 2) and (1,1, 0) azimuth. The variation of the exponent versus temperature is shown in figure 10 from the line-shape of the specular peak with the beam incident in the (5, 5, 2) direction. The anisotropy versus temperature is shown in figure 11 .
When the incident beam is in the (1,1, 0) direction, the specular intensity is very low under antiphase conditions (Oi = 52 ° ). This is due to the rainbow pattern. The background and noise are then important. In figure 12 In summary in anti-phase condition and its vicinity, with the incidence plane parallel or perpendicular to steps, ail experimental line-shapes even for low temperature (70 K) can be fitted by the power law showing the occurrence of a type of disorder of roughening. We now examine the case of in-phase conditions. For the exact in-phase condition, expression (10) turns out to be a Delta function. However, experimental data can be fitted by a power-law (10), where T is now an effective exponent, which represents the average value of T over the width in qx of the incident on scattered intensity. Figure 13 gives the value of T Figure 14 shows the plot of T obtained by fitting the data as a function of qx. Clearly f (qx) is proportional to (1 -cos (a. qx)) (see Eq. (9)). Fig. 15.11) . They are certainly a residue of the original surface after polishing. At any temperature there is a scale L over which the roughness is still frozen. For T &#x3E; 300 K, L is larger than the transfer width (100 A) and smaller than 0.1 mm (scale of macroscopic roughness). This is why the surface appears to be in thermal equilibrium for T &#x3E; 300 K when analysed by helium diffraction while it remains out of equilibrium even after annealing at 900 K when looked at with a microscope. This frozen equilibrium has been recently studied theoretically by Villain [20] , and dynamic properties near the roughening transition by Nozieres et al. [21] . figure 5 .
More precisely, the characteristic roughening temperature is given by T = 1, in anti-phase condition. We thus deduce from the data that TR = 380 K. This value is discussed in reference [18] , in relation with the roughening temperature obtained for Ni (1, 1, 5 ) face [6] and [16] . 
